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(57) ABSTRACT

A system and method to achieve low power and/or low
supply operation of a delta-sigma modulator by taking
advantage of the inherent virtual ground of the delta-sigma
loop to make the mput to a low power integrator small and
largely independent of the mnput signal. This results 1n
improved linearity of the integrator and relaxed constraints
on the supply for the first stage integrator. The architecture
also enables direct access to the quantization error of the
teedback loop and thus can be used to either/or: 1. Calibrate
the modulator, 2. Achieve reduced quantization noise, 3.
Stabilize the loop by compensating for excess loop delay.
Low voltage common-mode-feedback 1s also achieved using
the techniques described.

42 Claims, 14 Drawing Sheets
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1
DELTA-SIGMA MODULATOR

FIELD OF THE INVENTION

The present invention relates to a delta-sigma (or sigma-
delta) modulators, and in particular to architecture {for
achieving low power 1n delta-sigma (or sigma-delta) modu-
lators.

BACKGROUND OF THE INVENTION

Low-power delta-sigma modulators are key building
blocks 1n a variety of electronic systems, and especially
those which require battery operation. Achieving low power
generally requires a tradeofl between power and linearity.

A continuous-time delta-sigma architecture 1s commonly
used to achieve low power. This style of architecture com-
monly uses either an active-RC integrator (FI1G. 1) or Gm-C
style of integrator (FIG. 2) to implement the loop transfer
function.

Referring to FI1G. 1, a known active-RC integrator 30 with
an opamp 31 to drive resistive loads 1s shown. The active-
RC integrator 30 achieves good linearity due to feedback
from the output of the opamp 31 to its input which makes the
input voltage at the opamp 31 very small. However, using
teedback inside of the integrator requires additional band-
width to drive impedances (e.g. possibly requiring a two-
stage opamp) while keeping good phase-margin. Accord-
ingly, additional power 1s required to drive the feedback
network with suthicient loop gain and phase-margin to settle
in a given amount of time.

Referring to FIG. 2, a Gm-C integrator 40 with a single
stage 15 generally shown. A Gm cell 41 drives a capacitive
load 42 without feedback from the output of the Gm cell 41
to 1ts input and thus consumes less power than the active-RC
integrator 30. In FIG. 2, the capacitive load 42 results in a
voltage across the capacitor being an integral of the current
applied to 1t. However, the Gm-C integrator 40 achieves
poor linearity as a result of the large swing present at the
input of the Gm cell 41. Furthermore, the supply voltage of
the Gm cell 41 typically limits the maximum allowable
swing at 1ts input, restricting the utility of the Gm-C inte-
grator 40.

Furthermore, 1n conventional continuous-time delta-
sigma modulators, the delay through the quantizer and finite
bandwidth through the integrators creates excess loop delay
through the feedback loop which needs to be compensated
for 1n order to maintain the stability of the closed loop
response.

To implement the Gm cell 41 1n a differential mode at low
supply voltages a common-mode feedback circuit 185 1s
required 1s generally shown 1n FIG. 4. An example of a prior

art method to establish the correct common-mode voltage
setting (V -, -5 11 FIG. 18) 1s shown 1n FIG. 4. In FIGS. 4,

M9 and M10 are designed to have the same V., as MP1
and MP2. To minimize the noise contribution of MP1 and
MP2, MP1 and MP2 generally should have a large V.,
I1 the supply voltage of the Gm cell VDD however 1s low,
the large V ., requirement can result in node 801 and/or
802 being so low that at least one of M3, M4, M5, or M6
enters the triode region thus significantly reducing the gain
of the common-mode-feedback circuit of FIG. 4.
Referring to FIG. 3, a generic prior art continuous-time
delta-sigma modulator 1s shown at 50. Typically excess loop
delay 1s compensated by adding an additional digital-to-
analog converter (DAC) 51 which feeds back a quantized
signal from the output of the quantizer 52 to its mput. As
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shown, the design of the extra DAC 51 {facilitates the excess
loop delay compensation and adds extra complexity and
design time to the design of the modulator 50.

Referring to FIG. 5, an implementation of a prior art
circuit to recursively use a delta-sigma modulation to
improve the suppression of the quantization error, namely
the MASH (Multi-stAge noise-SHaping) approach 1s shown
generally at 600. In a MASH architecture the quantization
noise 1s estimated by subtracting the mput of the quantizer
from an analog representation of its output using an addi-
tional DAC 601 and a circuit 603 to subtract the output of
the additional DAC 601 from the quantizer input. The
resultant error 1s an estimate of the quantization noise and 1s

fed to a subsequent delta-sigma ADC 600, and the outputs
from the ADCs combined through a DSP 602.

SUMMARY OF THE INVENTION

In accordance with an aspect of the mvention, there 1s
provided a delta-sigma modulator achieving low power by
using an inherent virtual ground node to reduce the swing
input to a low power integrator stage, such that the smaller
input swing linearizes the integrator.

The virtual ground node of a delta-sigma modulator 1s
different than typical feedback circuits as 1t 1s formed by
subtracting a quantized version of the iput rather than a
continuously varying version of the mnput.

In accordance with another aspect of the invention, there
1s provided a delta-sigma modulator using the inherent
virtual ground node to provide an advantage of having direct
access to quantization error of the delta-sigma modulator
which can be used as an additional degree of freedom to
compensate for excess loop delay.

In accordance with another aspect of the invention, there
1s provided a delta-sigma modulator being able to access the
quantization error of the modulator (either digitally or in
analog) to maintain performance over mismatch, process
variation, temperature, and/or supply.

In accordance with another aspect of the invention, there
1s provided a delta-sigma modulator digitizing the quanti-
zation error with another analog-to-digital converter (ADC)
and combining 1t through a digital signal processor (DSP)
with the output of the modulator to reduce the shaped
quantization error 1 the output of the modulator. If the
additional ADC 1s a delta-sigma modulator also, 1t 1s pos-
sible to recursively use the quantization error signal in the
additional ADC(s).

In accordance with another aspect of the invention, there
1s a common-mode feedback circuit which enables operation
of a Gm cell at low supply voltages.

BRIEF DESCRIPTION OF THE DRAWINGS

Retference will now be made, by way of example only, to
the accompanying drawings 1n which:

FIG. 1 1s a schematic representation of a conventional
active RC integrator;

FIG. 2 1s a schematic representation of a conventional
active GM-C 1ntegrator;

FIG. 3 1s a schematic representation of a conventional
modulator having excess loop delay compensation;

FIG. 4 1s a schematic representation of a conventional
common-mode feedback circuit in accordance with an
embodiment;

FIG. 5 1s a schematic representation of a conventional
circuit to recursively use a delta-sigma modulation 1n accor-
dance with an embodiment:;
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FIG. 6 1s a schematic representation of a delta-sigma
modulator 1n accordance with an embodiment;

FIG. 7 1s a schematic representation of a portion of the
delta-sigma modulator 1n accordance with the embodiment
of FIG. 6 showing voltage profiles at different nodes;

FIG. 8 1s a schematic representation of a delta-sigma
modulator 1n accordance with another embodiment having,
excess loop delay compensation;

FIG. 9 1s a schematic representation of a delta-sigma
modulator 1n accordance with another embodiment;

FIG. 10 1s a schematic representation of a delta-sigma
modulator in accordance with another embodiment having
an ADC to acquire information;

FIG. 11 1s a schematic representation of a portion of the
delta-sigma modulator and two port network devices 1n
accordance with an embodiment;

FIG. 12 1s a schematic representation of a portion of the
delta-sigma modulator 1n accordance with another embodi-
ment;

FIG. 13 1s a schematic representation of a portion of the
delta-sigma modulator 1n accordance with another embodi-
ment;

FIGS. 14a-c are schematic representations of DC bias in
accordance with various embodiments;

FIGS. 15a-d are schematic representations of a portion of
the delta-sigma modulator in accordance with various
embodiments;

FIGS. 16a-b are schematic representations of a portion of
the delta-sigma modulator in accordance with various
embodiments;

FIG. 17 1s a schematic representation of a first stage
integrator 1n accordance with an embodiment;

FIG. 18 1s a schematic representation of a GM cell in
accordance with an embodiment:

FIG. 19 1s a schematic representation of a common-mode
feedback circuit in accordance with an embodiment:

FIG. 20 1s a schematic representation of a portion of a
delta-sigma modulator 1n accordance with an embodiment
showing spectrums at different nodes;

FIG. 21 1s a schematic representation of a portion of a
delta-sigma modulator 1n accordance with an embodiment
showing a test calibration signal;

FIG. 22 1s a schematic representation of a portion of a
delta-sigma modulator 1n accordance with an embodiment
showing a measurement ol quantization noise;

FIG. 23 1s a schematic representation of a delta-sigma
modulator 1n accordance with an embodiment recursively
using the virtual ground node;

FIG. 24 1s a schematic representation of a delta-sigma
modulator 1n accordance with another embodiment recur-
sively using the virtual ground node; and

FIG. 25 1s a schematic representation of a delta-sigma
modulator 1n accordance with another embodiment.

DETAILED DESCRIPTION OF TH.
INVENTION

L1l

Referring to FIG. 6, a delta-sigma modulator 1s shown
generally at 100. The delta-sigma modulator 100 includes a
virtual ground node 110 at the input of a first stage integrator
120.

In the present embodiment, the virtual ground node 110 in
the delta-sigma modulator 100 consists of the mput of the
modulator 100 being subtracted from a quantized version of
the mput through a first two port network device 130 and a
teedback DAC 170. In the present embodiment, the two port
network device 130 1s generally configured to for receive the
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input of the modulator 100 to output a modified analog
signal. The feedback DAC 170 includes a voltage-in, volt-
age-out DAC 160 followed by a two port network device
140. In the present embodiment, the feedback DAC 170 1s
generally configured to recerve a digital input signal and
output an analog signal that combines with the analog signal
from the two port network device 130 to form an integrator
iput voltage. Although the feedback DAC 170 can be
implemented without generating the output of the voltage-
out DAC 160 explicitly, the construct of the feedback DAC
170 captures the fact that the feedback DAC 170 can
generate current, voltage, or charge as 1ts output by changing
the implementation of the two port network device 140. It 1s
to be appreciated by a person of skill in the art with the
benefit of this description that modifications to the present
embodiment are possible. For example, although the
embodiment shown 1n FIG. 6 1s a single ended circuit, 1t can
be modified to be a differential version of the circuit.

It should be noted that while the virtual ground node 110
1s formed through negative feedback, since the virtual
ground 1s produced by subtracting a continuously varying
input from a quantized version of the mput, a standard
analysis of linear feedback generally would not directly
apply to the virtual ground node 110.

It 1s to be appreciated, that if the two port network device
130 and the two port network device 140 are implemented,
for example, with an equal impedance, the voltage at the
virtual ground node 110 will be given by the difference of
the input voltage and the quantized version of the input
(from the feedback DAC). This thus leaves a residual
voltage at the virtual ground node 110 which 1s bound within
half a least significant bit (LSB) of the feedback DAC 170.

It 1s to be appreciated with the benefit of this description
that the two port network devices 130 and 140 shown 1n FIG.
6 arc not particularly limited. For example, the two port
network devices 130 and 140 can be modified to be 1mple-
mented as a transimpedance. In such a case the voltage at the
input of the first stage integrator 1s the product of the current
flowing through the virtual ground node 110 and the equiva-
lent impedance at the virtual ground node 110.

In addition, 1t 1s to be appreciated that in the present
embodiment, the integrator 120 generates a scaled integral
of the input voltage received at the modulator 100. That 1s
the input of the integrator 120 1n FIG. 6 1s a voltage which
1s 1n contrast to conventional integrators receiving input that
1s generally a current. In contrast, conventional integrators
(such as an active-RC shown in FIG. 1, or the Gm-C shown
in FIG. 2) receive a current input and generates a voltage
output which 1s an integral of 1ts mput current.

The input of the modulator 100 and/or quantized version
of the input can be subtracted from each other in any
combination of voltage or current. Furthermore, 1t 1s to be
appreciated that the two port network device 130 and the two
port network device 140 in FIG. 6 can be implemented as
impedances or transimpedances, or any combination of
impedances and/or transimpedances as shown in FIG. 11.

Since the input to the first stage integrator 120 1s a voltage,
the voltage at the input of the first stage itegrator 120
according to Ohm’s law will be the product of the current
flowing through the virtual ground node 110 and the imped-
ance at the virtual ground node 110.

Referring to FIG. 7, when the mput varies by a certain
voltage the feedback DAC 170 counters the change in input
voltage and produces a quantized version of the input to
subtract from the input, leaving a residual voltage at the
virtual ground node 110 of the delta-sigma modulator 100
which contains a substantially attenuated (relative to the
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input of the modulator) component of the input signal. It 1s
to be appreciated that the residual voltage limits are not
particularly limited and can be varied. For example, 1n the

present embodiment, residual voltage at the virtual ground
node 110 can bound within 0.5 LSB of the feedback DAC

170. However, other embodiments can have narrower or
wider bounds. It 1s to be appreciated by a person of skill in
the art that the swing at the virtual ground node 110 can be
turther reduced by increasing the number of bits 1n a
quantizer, such as N-bit quantizer 150, and feedback DAC
170 as shown i FIG. 7. In the present embodiment, the
non-linearity produced by the mput stage of the integrator
120 1n FIG. 6 1s proportional to its input signal swing—
larger mput swings result 1n larger non-linearity and smaller
swings results in smaller non-linearity. By using the inherent
virtual ground of the delta-sigma modulator 100 to make the
swing at the first stage integrator 120 input smaller, the
linearity of the integrator 120 1s hence improved by virtue of

the smaller swing.

It 1s to be appreciated by a person of skill in the art with
the benefit of this description that varnations are contem-
plated. For example, although the present embodiment
receives an input voltage, 1t 1s to be understood that the
delta-sigma modulator 100 can be modified to receive any
input analog signal. For example, other types of analog input
signals can include a current, a charge, or an optical signal.

Furthermore, since the virtual ground node 110 is the
result of the mput being subtracted from a quantized version
of the mnput, the virtual ground node 110 becomes less and
less correlated with the mput as the number of bits 1n a
quantizer 150 and the voltage-in, voltage-out DAC 160
increase. As a result the virtual ground node 110 1s largely
independent of the mput signal. Hence any non-linearity
produced by the first stage integrator 120 weakly refers to
the mput of the modulator 100.

Low power 1n the modulator 1s thus achieved by using the
inherent virtual ground 110 of the modulator 100 to linearize
an integrator which has low power as a result high non-
linearity. Since the first stage integrator 120 can consume a
significant amount of power in the delta-sigma modulator
100, by relaxing 1ts linearity requirements (which directly
map to increased power), a substantial amount of power
savings 1n the modulator 100 can be achieved.

Accordingly, with this technique an integrator topology
such as Gm-C, which achieves low power but normally poor
linearity can be made to provide good linearity by virtue of
the smaller input swing and maintain 1ts low power property.

It 1s to be appreciated by a person of skill in the art with
the benefit of this description that an advantage of the
architecture of the modulator i1s that an excess loop delay
compensation path 200 can be realized by feeding the virtual
ground node 110 of the delta-sigma modulator 100 (appro-
priately scaled) to the input of a N-bit quantizer 150 as
shown 1n FIG. 8.

Accordingly, 1t 1s to be appreciated that one advantage of
the present embodiment 1s that compensation 1s achieved in
this work over methods used in prior art where the virtual
ground node 1s typically only available as a current and thus
cannot be easily fed forward to the quantizer input.

It 1s to be appreciated by a person of skill in the art with
the benefit of this description that an advantage 1s that since
the quantization error signal i1s largely independent of the
input signal, the quantization error signal can be monitored
to detect non-idealities 1n the modulator which can then
subsequently be calibrated or compensated for either 1n the
analog or digital domain as shown 1n FIG. 9.
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From FIG. 9, the monitor 210 (eg. ADC) and function 220
(eg. DSP) can be implemented 1n the analog and/or digital
domains. For example, the monitor 210 can be implemented
as an ADC and the function 220 can be implemented as a
DSP which 1s used to adapt/modily various parameters in the
modulator.

According to another embodiment of the modulator, 1f the
quantization error signal 1s digitized through ADC 300 1t 1s
possible to use the information 1n that signal and combine 1t
with the output of the modulator (D, ,) to produce a signal
D' which has reduced quantization noise as shown 1n FIG.
10.

Referring to FIG. 12, an embodiment showing the two
port network devices 130a and 140a being impedances 1s
generally shown at 100a. The virtual ground node 110a 1s
ellectively produced by a voltage divider effect in which the
virtual ground node 110q 1s generated between two 1mped-
ances, where one terminal 1s connected to the mput and the
other end of the second impedance to effectively a quantized
version of the input, yielding the residual difference of the
two between the two impedances appearing at the mput of
the 1ntegrator.

It 1s to be appreciated by a person of skill 1n the art that
when the two port network devices 130a and 140aq have
equal impedances, the virtual ground node 110a 1s bound
within 0.5 LLSB of the feedback DAC, however diflerent
bounds as well as different compositions of the signal at the
virtual ground node 110a can be generated by changing the
value of the impedance of the two port network device 140a
(72) relative to the impedance of the two port network
device 130a (7Z1) in FIG. 12.

Referring to FIG. 13, another embodiment 1s generally
shown at 1005. In the present embodiment, the two port
network device 1306 and the feedback DAC 1706 include
capacitors as shown 1n FIG. 13. In the present embodiment,
the the feedback DAC 1705 combines a voltage-in, voltage-
out DAC and the two port network device (as an impedance)
in a single circuit. In addition, a DC biaser 1755 1s provided
to bias the virtual ground node 1105b. It 1s to be appreciated
that the DC biaser 17556 1s not particularly limited. For
example, the DC biaser 1755 can bias of the virtual ground
node 1105 using a resistor (FIG. 14a), a switch which 1s
periodically switched to establish the DC behavior of the
virtual ground (FIG. 146), or a feedback circuit which
measures and establishes 1 feedback a desired DC voltage
(FI1G. 14c¢). In FIG. 14¢, a measurement device 1805 mea-
sures the difference between the desired bias voltage and
target bias voltage and device 1905 establishes the bias
voltage. For example, 18056 could be an opamp or ADC
which measures the DC voltage at 1105 and 19056 could be
a tuneable current source such as a MOSFET which reacts
to 1805 such that the DC value of 11056 1s established to a
known value.

It 1s to be appreciated that the two port network devices
1306 and 14056 are not particularly limited and that varia-
tions are contemplated. For example, various combinations
of resistors and capacitors can be used with a suitable impact
on the transfer function seen at the virtual ground node 1105
as shown 1n FIGS. 15a, 1556, 15¢, and 15d.

Referring back to FIG. 6, the two port network devices
130 and 140 can be implemented as any combination of
impedances and transimpedances as previously discussed.
For example, the mput could be fed in to the virtual ground
node 110 through a resistor and/or the DAC operation
performed in the current domain at the virtual ground node
110 as shown 1n FIGS. 164 and 165 (i.e. the DAC produces

a quantized current based on an mnput feedback voltage). In
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the variation shown in FIG. 165, the swing at the virtual
ground node 110 1s given by the product of the impedance
at the virtual ground node 110 and the LSB size of the
current-mode DAC. In the present embodiment, the two port
network device 130 1s implemented as a resistor and the two
port network device 140 1s implemented as a transimped-
ance. Furthermore, the two port network device 140 and the
voltage-in, voltage-out DAC 160 are combined into the
teedback DAC 170 as a current mode DAC. Since the output
of integrator 120 1s the integral of the voltage at the virtual
ground node 110 the swing at the input of the integrator 120
1s the product of the current tlowing through the wvirtual
ground node 110 and the impedance at the node.

Referring to FIG. 17, an embodiment of the first stage
integrator 120 1s implemented as a Gm-C stage. It 1s to be
appreciated that the first stage integrator 120 1s not particu-
larly limited. For example, FIG. 17 1llustrates an n-channel
metal-oxide-semiconductor field-eflect transistor (NMOS)
version of the circuit. However, the first stage integrator 120
can be modified to be a p-channel metal-oxide-semiconduc-
tor field-effect transistor (PMOS) version. As another
example of a vanation, although the present embodiment
uses a differential circuit, the circuit can be modified to be
a single ended circuait.

Continuing with the example of FIG. 17, by virtue of the
small signal produced at the input of the Gm stage of the first
stage integrator 120 using the architecture of this work
shown 1n FIG. 6, the Gm cell has 1ts linearity improved
significantly relative to configurations where the input signal
to the modulator directly drives the mnput of a Gm cell, such
as shown 1n FIG. 2. In the prior art of FIG. 2 since the mput
swing to the modulator can be large, the non-linearity
produced by the Gm cell will also be large 1n the prior art.

In addition to the smaller signal improving the linearity,
since the signal content of the mput of the Gm stage of the
first stage integrator 120 has a large amount of the input
signal to the modulator subtracted from 1t, the input to the
Gm cell of the first stage integrator 120 1s weakly dependent
on the input to the modulator thus further improving the
linearity response of the of the first stage integrator 120. In
particular, the input of the first stage integrator 120 and thus
its output 1s not strongly dependent on the mput to the
modulator, thus the non-linearities in the Gm cell do not
produce a large iput causing a non-linear response.

Referring to FIG. 18, another embodiment of a Gm cell 1s
generally shown at 1204. It 1s to be appreciated that since the
input connected to terminals MN3 and MN4 essentially
butler the 1nput to the Gm cell 1204 to their source nodes,
the mput signal of the Gm cell 1204 appears almost fully at
the source terminals of MN3 and MN4 and as a result the
mimmum output swing of the Gm cell 1204 1s limited by the
swing at the iput of the Gm cell 1204. Referring to FIG. 18,
it 15 to be appreciated by a person of skill 1n the art with the
benefit of this description that the swing at V has a

OULID
maximum value of V55~V 5o 7 1p; and a mimimum value of

Vz'n m 'szh -MN3 +VDSA T _MN3
The available signal at the output of the Gm cell 1s

reduced by the swing at the mput of the Gm cell. In the
approach of FIG. 2, the mput to the Gm cell 1s the mput
signal to the modulator (which can be very large), thus 11 the
supply voltage 1s low, the output swing of the Gm cell 1s
severely limited.

In FIG. 18, a common-mode-feedback circuit 185 mea-
sures the common-mode voltage at the output of the Gm cell
1204 and establishes the correct common-mode voltage
V ~r+5 10 achieve the desired output common-mode voltage.
It 1s to be appreciated by a person of skill 1n the art with the
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benefit of this description that there are several ways to
implement a common-mode feedback circuit. A particular
example of a common-mode-feedback circuit 185 1s as
shown 1n FIG. 19 and discussed below 1n greater detail.

It 1s to be appreciated with the benefit of this description,
that the linearization technique of provided by the modulator
100 provides an mput signal swing to the Gm that 1s smaller
relative to the Gm-C style architectures such as those
illustrated 1 of FIG. 2. Accordingly, there 1s more voltage
swing available to the output of the Gm cell enabling a
combination of larger output swings and/or a lower supply
voltage than the approach of FIG. 2.

In the context of the architecture embodiment shown 1n
FIG. 6 the virtual ground node 110 1s also the quantization
error of the delta-sigma modulator, which 1s the difference
between the input and the quantized version of the input fed
back through the feedback DAC 160.

Referring to FIG. 20, the spectrums of various key nodes
in the architecture 1s shown. It 1s noted that the spectrum of
the virtual ground/quantization error signal 1s primarily that
of the noise transier function of the loop. That 1s, the shaped
quantization error can be seen without a significant contri-
bution of the mput.

This node can be used to extract signals and/or statistics
of the quantization error of the loop to adapt various
parameters of the modulator. This could be done by looking
at the quantization error through an ADC 300 upon which
the output of the ADC 300 can have certain digital algo-
rithms applied thereupon to produce settings which can
modily the behavior of the modulator as shown 1n FIG. 9.

This could be done by e.g. looking at the quantization
error through an ADC upon which the ADC’s output can
have certain digital algorithms applied to thereupon produce
settings which can modify the behavior of the modulator as
shown 1n FIG. 9.

For example, by using a digital algorithm to look at the
digitized quantization error, the shape of the noise transfer
function (NTF) can be monitored to detect changes in 1ts
shape due to temperature, supply, process, and/or mismatch
for example, and there upon modily parameters in the
modulator to maintain a fixed transfer function and/or ensure
loop stability.

Another example would be to inject a test calibration
signal 1nto the modulator just before the quantizer 150 using
a signal generator 155 as shown 1n FIG. 21. In the presence
of non-ideality 1n the modulator the calibration signal 1n
FIG. 21 will be affected by the non-ideality. Since the
quantization error signal at the virtual ground node 110 1n
FIG. 20 contains an attenuated version of the input signal of
the modulator 100, the test calibration signal and how it has
been aflected by the non-idealities 1n the loop can be easily
detected without having to also process much of the mput
signal 1tself.

The mnput signal 1s generally much larger than the test
calibration signal so by having it attenuated from the signal
which 1s used to determine the non-ideality in the loop,
calibration can be performed much faster and more accu-
rately as the mput does not interfere in determining the
non-ideality of the loop.

Referring back to FIG. 9, the modulator can have any of
its parameters adjusted based on the quantization error. The
various transier functions through the stages in the modu-
lator can be compensated for temperature, supply, or process
variation, for example.

Since the virtual ground node 110 1 FIG. 10 1s the
quantization error of the modulator it 1s also possible to
digitize the quantization error through an ADC 300 and then
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perform an operation on the output of the modulator based
on the digitized version of the quantization error using a
DSP 310.

FIG. 22 shows the Fast Founier Transform (FFT) spec-
trum of modulator and the quantization error. Since the
digitized output of the quantization error has predominantly
the spectrum of the shaped quantization noise of the modu-
lator 1t 1s thus possible to reduce the content of the quanti-
zation error 1n the modulator output by performing a DSP
operation on the modulator output as a function of the
digitized quantization error.

The reduction of the quantization error could, for
example, be used to relax the requirements of a cascaded
integrator-comb (CIC) filter which 1s used to process the
output of the modulator.

By reducing the eflect of the shaped quantization error 1t
1s possible to further increase the effective bandwidth of the
modulator as the quantization noise becomes reduced in
output of the DSP.

For example, 11 a suitably time shifted and filtered version
of the digitized quantization error signal 1s subtracted from
the modulator output, the resultant difference will have a
reduced amount of quantization noise in the spectrum com-
pared to the original output of the modulator

The quantization error can be digitized by any type of
ADC or even another delta-sigma modulator as shown in
FIG. 23. In the present embodiment, the first modulator
includes a first stage integrator 120-1, a first two port
network device 130-1, a second two port network device
140-1, a quantizer 150-1, and a DAC 160-1. Similarly, the
second modulator includes a first stage integrator 120-2, a

first two port network device 130-2, a second two port
network device 140-2, a quantizer 150-2, and a DAC 160-2.

The quantizers 150-1 and 150-2 are connected to a DSP 220.

The concept of FIG. 23 can be applied recursively using
the virtual ground 1n the ADC which measures the quanti-
zation noise to reduce quantization noise in the modulator to
realize a higher order cancellation as shown 1n FIG. 24. In
the present embodiment, the concept of FIG. 24 includes a
third modulator having a first stage integrator 120-3, a first
two port network device 130-3, a second two port network
device 140-3, a quantizer 150- 3 and a DAC 160-3. It 1s to
be appreciated with the beneﬁt of this description that
turther modulators can be added to achieve even higher
order cancellation.

It 1s to be appreciated by a person of skill in the art with
the benefit of this description that the embodiments shown
FIGS. 22-24 provide advantages over the prior art modula-
tors, such as the one shown above in FIG. 5. As an example
of an advantage, the additional DAC 1s no longer required.
In addition, the additional circuit to subtract the DAC output
from the quantizer mput 1s also no longer required. Since the
additional DAC and subtraction circuit can have gain and
mismatch errors, by using the DAC and subtraction blocks
inside of the existing delta-sigma loop of the embodiment
illustrated 1n FIG. 22 to measure the quantization error can
be more accurate and does not require the additional power
and physical space for an the additional DAC and subtrac-
tion circuit.

An additional advantage of having access to the quanti-
zation error 1s that it can be used to create an additional
degree of freedom to compensate for excess loop delay 1n a
continuous-time modulator. It 1s to be appreciated that this
reduces the need for using a feedback DAC from the
quantizer output such as shown 1n FIG. 3 which creates an
extra degree of freedom to compensate the loop and requires
the design and verification of an additional DAC.
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Retferring the FIG. 25, another example of a way to
achieve the compensation 1s to feed forward the quantization
error through a Gm cell. By using such a scheme, the excess
loop delay of the continuous time modulator can be com-
pensated without the use of an explicit feedback DAC.

In the embodiment shown 1n FIG. 25, an example of a
modulator 1s shown. The modulator uses the inherent virtual
ground ol the modulator to achieve low power and use the
quantization error as an additional term for compensating
the excess loop delay.

FIG. 19 shows an embodiment which shows an alterna-
tive method to build a common-mode-feedback circuit 185.

In FIG. 19 a second gain stage 904 1s added. The second gain
stage 904 allows the V. - of M9 and M10 to not be the

same V . ,~0f MP1 and MP2 1n FIG. 18, and thus the Vo,
of M11 and M12 can be made much smaller than M9 and
M10. As a result nodes 901 and 902 are high enough to keep
M3, M4, M5, and M6 1n the active region for low values of
V . Hence the gain of the common-mode-feedback-circuit
1s maintained at lower supply voltages.

It 1s to be appreciated that two stages of gain in the
common-mode-feedback circuit 185 1s provided and results
in a feed forward path 903 which reduces the two stages of
gain to eflectively one stage at higher frequencies. As a
result the feed-forward path of 903 provides a zero which
helps to improve the loop stability of the common-mode-
teedback loop. Thus with the embodiment shown 1n FIG. 19
provides good loop gaimn (by virtue of there being two
stages), good noise (by virtue of M1l and M12 being
independent of MP1 and MP2), and good stability (by virtue
of the zero 1 903) can be achieved simultaneously. It 1s to
be appreciated by a person of skill 1n the art with the benefit
of this description that the design 1s not particularly limited.
For example, although NMOS devices are shown, a similar
design can be implemented with PMOS devices.

Furthermore, it 1s to be appreciated that variations are
contemplated. For example, although the common-mode-
feedback circuit 900 1s shown here for a Gm cell, the
common-mode-feedback circuit 900 can be used for any
differential circuit requiring a common-mode-feedback cir-
cuit. For example 900 can be used 1n a differential opamp.

Various advantages will now be apparent to a person of
skill 1n the art. Of note 1s that the inherent virtual ground
node 110 can be used to make the mput to the first stage
integrator have a small signal swing and a signal content
which 1s largely independent of the input signal swing. This
allows the use of a low power and substantially non-linear
integrators to be realized. For example, the first stage
integrator could be implemented as a Gm cell. The smaller
signal at the input of the Gm aflforded by the feedback
structure outlined above enables the Gm to have a more
linear response due to its mput being smaller and largely
independent of input signal. The smaller mput swing also
enables the Gm cell to work at much lower supply voltages
than would otherwise be possible if the input of the Gm cell
had the complete input signal swing as 1s the case in the prior
art.

In addition, another advantage of note 1s 1t that it 1s
possible to have direct access to the quantization error of the
modulator (i.e. the difference between the mput signal and
the digitized modulator output). In conventional modulators
this signal 1s not readily available, thus access to the
quantization error voltage enables the following architec-
tures which could be implemented 1n any one of or more
combinations. In particular, the quantization error can be
digitized by another ADC and combined after some DSP
with the output of the modulator to result 1n a signal that has
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less quantization error than that of the modulator output.
This allows the quantization error to be monitored (either
digitally through an ADC or analog otherwise) to modily
various aspects of the modulator 100. For example the shape
of the NTF can be modified to maintain performance, and
stability over e.g. temperature, process, or supply varations.
As another example, the quantization error can be also
monitored to measure various non-idealities 1n the modula-
tor and there upon produce a calibrating signal. As yet
another example, a calibration signal can be 1injected into the
modulator at the quantizer input and since the quantization
error signal has the input signal substantially removed from
it can be used to easily and quickly determine the non-
idealities 1n the design (e.g. mismatch 1n the feedback DAC)
and thus enable a digital compensation of the non-idealities.
It 1s to be appreciated that the access to the quantization error
can be used to create an additional degree of freedom to
compensate the excess loop delay in a continuous time
delta-sigma modulator.

The above-described embodiments of the invention are
intended to be examples of the present invention and altera-
tions and modifications may be effected thereto, by those of
skill 1n the art, without departing from the scope of the
invention which 1s defined solely by the claims appended
hereto.

We claim:

1. A delta-sigma modulator configured to digitize an 1input
analog signal, the delta-sigma modulator comprising:

a two port network device for receiving the input analog

signal and outputting a first output analog signal;

a feedback DAC for receiving a digital input signal and
outputting a second output analog signal, wherein the
first output analog signal and the second output analog
signal combine to form an integrator input voltage;

a first stage integrator generating a scaled integral voltage
of the integrator input voltage, the first stage integrator
including a substantially non-linear integrator that
includes a Gm cell loaded by a capacitor; and

a virtual ground node formed by connecting the two port
network device, the feedback DAC, and the first stage
integrator, the virtual ground node configured to reduce
swing and improve linearity.

2. The delta-sigma modulator of claim 1, wherein the two

port network device comprises an impedance.

3. The delta-sigma modulator of claim 2, wherein the
impedance 1s a resistor.

4. The delta-sigma modulator of claim 2, wherein the
impedance 1s a capacitor.

5. The delta-sigma modulator of claim 1, wherein the two
port network device comprises a transimpedance.

6. The delta-sigma modulator of claim 5, wherein the
transimpedance 1s a Gm cell.

7. The delta-sigma modulator of claim 1, wherein the
teedback DAC includes a voltage-in, voltage-out DAC and
a second two port network device.

8. The delta-sigma modulator of claim 7, wherein the
output of the feedback DAC 1s a current.

9. The delta-sigma modulator of claim 7, wherein the
output of the feedback DAC 1s electrical charge.

10. The delta-sigma modulator of claim 7, wherein the
output of the feedback DAC 1s a voltage.

11. The delta-sigma modulator of claim 1, further com-
prising an ADC connected to the virtual ground node, the
ADC configured to digitize a quantization error.

12. The delta-sigma modulator of claim 11, wherein the
ADC 1s a delta-sigma modulator.
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13. The delta-sigma modulator of claim 11, turther com-
prising a DSP connected to the ADC, the DSP configured to
receive a signal from the ADC, the DSP configured to reduce
the quantization error.

14. The delta-sigma modulator of claim 13, wherein the
DSP 1s configured to modity a NTF.

15. The delta-sigma modulator of claim 13, further com-
prising a signal generator for injecting a test calibration
signal 1nto the delta-sigma modulator.

16. The delta-sigma modulator of claim 15, wherein the
DSP 1s configured to detect a non-ideality using the test
calibration signal and to compensate for the non-i1deality.

17. A delta-sigma modulator configured to digitize an
input analog signal, the delta-sigma modulator comprising:

a two port network device for recerving the input analog
signal and outputting a first output analog signal;

a feedback DAC for recerving a digital input signal and
outputting a second output analog signal, wherein the
first output analog signal and the second output analog
signal combine to form an 1ntegrator input voltage;

a first stage integrator generating a scaled integral voltage
of the integrator input voltage;

a virtual ground node formed by connecting the two port
network device, the feedback DAC, and the first stage
integrator, the virtual ground node configured to reduce
swing and improve linearity;

an ADC connected to the virtual ground node, the ADC
being configured to digitize a quantization error; and

a DSP connected to the ADC, the DSP configured to
receive a signal from the ADC, the DSP being config-
ured to reduce the quantization error, the DSP further
being configured to modify a NTF.

18. The delta-sigma modulator of claim 17, wherein the

two port network device comprises an impedance.

19. The delta-sigma modulator of claim 18, wherein the
impedance 1s a resistor.

20. The delta-sigma modulator of claim 18, wherein the
impedance 1s a capacitor.

21. The delta-sigma modulator of claim 17, wherein the
two port network device comprises a transimpedance.

22. The delta-sigma modulator of claim 21, wherein the
transimpedance 1s a Gm cell.

23. The delta-sigma modulator of claim 17, wherein the
teedback DAC includes a voltage-in, voltage-out DAC and
a second two port network device.

24. The delta-sigma modulator of claim 23, wherein the
output of the feedback DAC 1s a current.

25. The delta-sigma modulator of claim 23, wherein the
output of the feedback DAC 1s electrical charge.

26. The delta-sigma modulator of claim 23, wherein the
output of the feedback DAC 1s a voltage.

277. The delta-sigma modulator of claim 17, wherein the
ADC 1s a delta-sigma modulator.

28. The delta-sigma modulator of claim 17, further com-
prising a signal generator for imjecting a test calibration
signal into the delta-sigma modulator.

29. The delta-sigma modulator of claim 28, wherein the
DSP 1s configured to detect a non-ideality using the test
calibration signal and to compensate for the non-ideality.

30. A delta-sigma modulator configured to digitize an
input analog signal, the delta-sigma modulator comprising:

a two port network device for receiving the input analog
signal and outputting a first output analog signal;

a feedback DAC for recerving a digital input signal and
outputting a second output analog signal, wherein the
first output analog signal and the second output analog
signal combine to form an integrator input voltage;
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a first stage integrator generating a scaled integral voltage
of the itegrator input voltage;

a virtual ground node formed by connecting the two port
network device, the feedback DAC, and the first stage
integrator, the virtual ground node configured to reduce
swing and improve linearity;

an ADC connected to the virtual ground node, the ADC
being configured to digitize a quantization error;

a DSP connected to the ADC, the DSP configured to
receive a signal from the ADC, the DSP being config-
ured to reduce the quantization error; and

a signal generator for injecting a test calibration signal
into the delta-sigma modulator.

31. The delta-sigma modulator of claim 30, wherein the

two port network device comprises an impedance.

32. The delta-sigma modulator of claim 31, wherein the
impedance 1s a resistor.

33. The delta-sigma modulator of claim 31, wherein the
impedance 1s a capacitor.

34. The delta-sigma modulator of claim 30, wherein the
two port network device comprises a transimpedance.

35. The delta-sigma modulator of claim 34, wherein the
transimpedance 1s a Gm cell.

36. The delta-sigma modulator of claim 30, wherein the
teedback DAC includes a voltage-in, voltage-out DAC and
a second two port network device.

37. The delta-sigma modulator of claim 36, wherein the
output of the feedback DAC 1s a current.
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38. The delta-sigma modulator of claim 36, wherein the
output of the feedback DAC 1s electrical charge.

39. The delta-sigma modulator of claim 36, wherein the
output of the feedback DAC 1s a voltage.

40. The delta-sigma modulator of claim 30, wherein the
ADC 1s a delta-sigma modulator.

41. The delta-sigma modulator of claim 30, wherein the
DSP 1s configured to detect a non-ideality using the test
calibration signal and to compensate for the non-ideality.

42. A delta-sigma modulator configured to digitize an
input analog signal, the delta-sigma modulator comprising:

a two port network device for recerving the input analog
signal and outputting a first output analog signal, the
two port network device including an impedance that
includes a capacitor;

a feedback DAC for recerving a digital input signal and
outputting a second output analog signal, wherein the
first output analog signal and the second output analog
signal combine to form an integrator input voltage;

a first stage mtegrator generating a scaled integral voltage

of the integrator input voltage; and

a virtual ground node formed by connecting the two port
network device, the feedback DAC, and the first stage
integrator, the virtual ground node configured to reduce
swing and improve linearity.
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